







































































































































































































































































































































Table	14	PHC determinations for FF and MPH sites measured using GC × GC and one-
dimensional GC calibration. An asterisk (*) indicates a determination that was 















2tR Second-dimension	retention	time	BTEX	 Benzene,	toluene,	ethylbenzene,	and	m/p/o-xylene	CFT	 Capillary	flow	technology	Cm	 Resistance	to	mass	transfer	in	the	mobile	phase	Cs	 Resistance	to	mass	transfer	in	the	stationary	phase	df	 Stationary	phase	film	thickness	EDS	 Energy	dispersive	X-ray	electron	spectroscopy	EPC	 Electronic	pressure	control	FFF	 Forward	fill	flush	(GC	×	GC	modulation	type)	FID	 Flame	ionisation	detector	FWHM	 Full	width	at	half	maximum		GC	 Gas	chromatography	or	gas	chromatograph	instrument	GC	×	GC	 Comprehensive	two-dimensional	gas	chromatography	GC-FID	 Gas	chromatography	with	flame	ionisation	detection	GC-MS	 Gas	chromatography	with	mass	spectrometry	detection	
HETP	 Height	equivalent	to	a	theoretical	plate	ID	 Internal	diameter	LOD	 Limit	of	detection	LOQ	 Limit	of	quantification	LMCS	 Longitudinally	Modulating	Cryogenic	System	LTM	 Low	thermal	mass	MD	 Multidimensional	
	 37	
MDGC	 	 Multidimensional	gas	chromatography	MS	 	 Mass	Spectrometry	or	Mass	Spectrometer	
n	 	 Giddings	peak	capacity	N	 	 Theoretical	plate	count	Nmax	 	 Estimated	maximum	number	of	theoretical	plates	PAH	 	 Poly	aromatic	hydrocarbon	PCA	 	 Principal	component	analysis	PDMS	 	 dimethylpolysiloxane	(polydimethylsiloxane)	PEG	 	 Polyethylene	glycol	Pi	 	 Injection	period	
pi	 	 Column	inlet	pressure	PLOT	 	 Porous	layer	open	tubular		Pm	 	 Modulation	period	
po	 	 Column	outlet	pressure	PMD	 	 Planar	microfluidic	device	
Q	 	 Plate	duration	RFF	 	 Reverse	fill	flush	(GC	×	GC	modulation	type)	RTD	 	 Resistance	temperature	detector	SAB	 	 Special	Antarctic	blend	diesel	
SEM	 	 Scanning	electron	microscopy	SIM	 	 Selective	ion	monitoring	SS	 	 Stainless	steel	S/SL	 	 Split-splitless	injector	TCD	 	 Thermal	conductivity	detector	
Tm	 	 Column	void	time	












































Ref	 GC	Embodiment	 Maximum	ramping	rate	used	 Relative	Standard	Deviation	 Power	efficiency	°C	s-1	 Retention	time	(tR	%)	 Peak	Area	(%)	 W	m-1	[26]	 Direct	 2.4	 0.9	 3.5	 11.7	[27]	 10	 0.46	 1.8-6.9	 20-35	[28]	 Convection	Oven	 -	 0.010-0.128	 -	 n/a	
Collinear	





































































































































Injection	method	 Peak	width	(ms)	 Test	compound	 Actuation	mode	 Reference	Deans'	switch	GC	×	GC	 40	 n-heptane	 Electrical	solenoid	 [36]	n-pentane	 [37]	
Diaphragm	valve	
7.1	 Methane	 [38]	56	 1,3,5-trimethylbenzene	
Pneumatic	actuation	
[39]	35	 Ethanol	 [40]	23.5	 n-octane	 [41]	54	 n-pentane	 [42]	250	 Methanol	 [43]	10	 Not	reported	 [44]	Dual	diaphragm	valves	 30	 n-alkanes	 [45]	4	 Methanol	 [46]	
Fluidic	logic	gate	
9.5	 Methane	 [47]	4	 [20]	48	 [48]	5	 n-pentane	 [49]	Pulsed	flow	GC	×	GC	 20	 n-pentane	 Electrical	solenoid	 [50]	155	 n-hexane	 [51]	


















































































































Flow Restrictor 1 





















































Calidus™	GC	 6850	GC	Peak	width	(w0.5)	 Peak	width	(wb)	 Peak	width	(w0.5)	 Peak	width	(wb)	ms	
Split	(200:1)	
Theoretical	 96	 163	 96	 163	Experimental	methane	 120	 204	 112	 190	Experimental	-	theoretical	 24	 41	 16	 27	PMD	(100	ms	actuation	time)	
Theoretical	 100	 170	 100	 170	Experimental	methane	 250	 425	 290	 493	Experimental	-	theoretical	 190	 255	 150	 323	



































































Analyte	 tR		(s)	 tR	RSD		(%)	 Peak	width		(s)	 Peak	Area		(µV	s)	 Peak	Area		RSD	(%)	ethylbenzene	 8.94	 0.9	 0.37	±	0.01	 11619	 3.20	
n-nonane	 10.51	 0.9	 0.41	±	0.07	 15550	 3.24	
n-undecane	 33.89	 1.0	 1.05	±	0.01	 17690	 3.62	naphthalene	 57.15	 2.0	 1.47	±	0.05	 14385	 3.27	
n-dodecane	 70.76	 1.0	 2.3	±	0.3	 20846	 3.85	1-decanol	 103.30	 0.8	 3.2	±	0.1	 23478	 1.10	







Theoretical		plates		(N)	 HETP		(mm)	 Symmetry	 Kurtosis	Ethylbenzene	 1.6	 3174	 0.95	 2.09	 0.95	
n-nonane	 2.1	 3693	 0.81	 1.59	 0.96	
n-undecane	 9.0	 5729	 0.52	 1.18	 1.01	Naphthalene	 15.8	 8363	 0.36	 1.31	 0.96	
n-dodecane	 19.8	 5145	 0.59	 1.49	 1.00	1-decanol	 29.4	 5811	 0.52	 1.62	 1.00	














































Cooling	Strategy	 Focusing	device	 Remobilisation	strategy	 Peak	width	(ms)	 Solute	 Bandwidth	type	 Ref	
Ambient	Air	Cooling	
WCOT	FGS	Capillary	
Resistive	heating,	conductive	painted	capillary	 1800	 PCB	 Post	separation	bandwidth	 [20]	
WCOT	SS	capillary	 Resistive	heating,	SS	capillary	
96	 n-hexadecane	 [21]	60	 n-octadecane	 Injection	bandwidth	 [22]	
200	 n-alkane	 Post	separation	bandwidth	 [23]	
Cryogenic	(LN2)	
Tenax	packed	SS	Capillary	 65	 n-pentane	 Injection	bandwidth	 [24]	WCOT	Aluminium	clad	capillary	
Resistive	heating,	aluminium	clad	capillary	
19.3	 n-octane	 [25]	80	 n-heptane	 Post	separation	bandwidth	 [26]	
WCOT	SS	capillary	
Hot	air	jet	 550	 n-alkanes	 [10]	Latent	heat	from	GC	oven	 6	 Chlorodifluoro	methane	 Injection	bandwidth	
[27]	
Resistive	heating,	SS	capillary	
13.4	 Acetone	 [28]	4.5	 Toluene	 [29]	24	 Methanol	 [30]	
Cryogenic	jet	(CO2)	
WCOT	SS	capillary	 Latent	heat	from	GC	oven	 800	 n-dodecane	 Post	separation	bandwidth	
[9]	
WCOT	FGS	Capillary	
1240	 n-tridecane	 [31]	765	 n-dodecane	 [32]	




WCOT	SS	capillary	 Resistive	heating,	SS	capillary	 1450	 Ethane	 [18]	350	 n-alkanes	 [34]	
WCOT	FGS	Capillary	
Resistive	heating,	conductive	painted	capillary	






















































































































































Peltier + Fan 




















































































































































Peak	area	RSD	(%)	 Fexperimental	 LOD		(mg	kg-1)	 LOQ	(mg	kg-1)	benzene	 9.9×10-3	 0.8	 5.4×10-4	 2.7	 9.0	toluene	 1.1×10-2	 0.4	 4.4×10-4	 2.4	 7.9	ethylbenzene	 6.3×10-3	 0.5	 5.5×10-4	 2.7	 9.0	
p-xylene	 7.4×10-3	 0.3	 5.6×10-4	 2.8	 9.0	








Sample	 Sample	1	 Sample	2	 Isopar™	E	Isoparaffin	solvent	benzene	 <	LOD	toluene	 2.7	±	0.2	 15.6	±	0.2	 8.1	±	0.2	ethylbenzene	 <	LOD	 9.8	±	0.3	
m/p-xylene	 2.8	±	0.3	 8.1	±	0.3	 8.6	±	0.3	










































































Authors	 Modulator	construction	 Trapping	stationary	phase	 Trap	cooling	 Ref	Liu	and	Phillips	 FS	column,	100	um	ID,	conductive	paint,	dual	stage,	15	cm	 PDMS	0.5	µm	 GC	oven	only	 [25]	de	Geus	et	
al.	 FS	column,	220	um	ID,	conductive	paint,	30	cm	 CP-Sil8	CB	(5%	phenyl,	PDMS)	0.5	um	 Air	cooling	 [28]	Phillips	et	
al.	 FS	column,	100	um	ID,	rotating	modulator,	10	cm	 PDMS	3.5	µm	 GC	oven	only	 [27]	Harynuk	and	Gorecki	 SS	tube,	530	um	ID,	2.0	cm	 Micro	packed	TENAX	TA	 Liquid	nitrogen	 [36]	Burger	et	
al.	 SS	tube,	530	um	ID,	11	cm;	FS	column	200	um	ID	 DB-1	(PDMS)	3	µm	df	 GC	oven	only	 [44]	Libardoni	
et	al.	 SS	column,	180	um	ID,	single-stage,	5.5	cm	 MXT-1	(PDMS)	0.2	µm	df	 Refrigerated	air	 [41]	Libardoni	
et	al.	 SS	column,	180	um	ID,	single-stage,	5.5	cm	 MXT-1	(PDMS)	0.2	µm	df	 Refrigerated	ethylene	glycol	 [42]	Goldstein	
et	al.	 SS	column,	530	um	ID,	dual	stage,	15	cm	 MXT-1	(PDMS)	3	µm	df	 Air	cooling	 [45]	Libardoni	
et	al.	 SS	column,	100	um	ID,	dual	stage,	5.5	and	2.2	cm	 MXT-1	(PDMS)	0.2	µm	df	 Refrigerated	air	 [43]	Panic	et	al.	 SS	column,	280	um	ID,	dual	stage,	15	cm	 MXT-1	(PDMS)	1	µm	df	 Air	cooling	 [46]	Worton	et	
al.	 SS	column,	280	um	ID,	single-stage,	15	cm	 Deactivated	SS	 Air	cooling	 [47]	Mascalu	et	
































































































































toluene	 5.959	 1.7	×	10-4	 2.3	 93	±	3	 1.5	±	0.2	
n-octane	 6.750	 1.5	×	10-4	 3.4	 88	±	3	 1.7	±	0.2	
ethylbenzene	 8.592	 1.2	×	10-4	 2.3	 88	±	6	 1.6	±	0.3	
2-heptanone	 9.200	 1.1	×	10-4	 2.6	 77	±	3	 2.5	±	0.3	
pentylacetate	 9.625	 1.0	×	10-4	 2.4	 110	±	1	 1.7	±	0.7	
n-decane	 12.850	 7.8	×	10-5	 3.1	 52	±	3	 3.3	±	0.9	
2-octanol	 13.139	 7.6	×	10-5	 2.3	 67	±	3	 1.6	±	0.5	
2-nonanone	 15.305	 6.5	×	10-5	 2.9	 55	±	1	 2.4	±	0.3	
1,6-hexanediol	 15.857	 6.3	×	10-5	 2.3	 72	±	3	 2.2	±	0.1	
n-dodecane	 18.904	 5.3	×	10-5	 3.2	 45	±	1	 3.4	±	1.3	
2-decanol	 19.150	 5.2	×	10-5	 2.3	 70	±	1	 2.0	±	0.6	
4-chlorophenol	 19.168	 1.5	×	10-4	 2.8	 72	±	3	 1.6	±	0.3	





Compound	 Peak	Volume	(RSD	%)	 Log-Log	Slope	(Peak	volume	vs.	mass)	 Fexperimental	 LOD	(pg)	toluene	 5.3	 1.00	±	0.02	 2.61	 132	
n-octane	 3.0	 0.79	±	0.01	 1.04	 207	ethylbenzene	 4.3	 0.96	±	0.01	 1.80	 113	2-heptanone	 3.9	 1.06	±	0.01	 1.10	 37	pentylacetate	 4.3	 1.24	±	0.03	 2.51	 43	
n-decane	 0.9	 1.03	±	0.01	 2.30	 34	2-octanol	 1.9	 1.19	±	0.03	 1.14	 62	2-nonanone	 2.4	 1.28	±	0.02	 3.05	 29	1,6-hexanediol	 3.0	 1.12	±	0.01	 2.45	 19	
n-dodecane	 1.7	 1.02	±	0.01	 3.10	 29	2-decanol	 1.9	 1.18	±	0.02	 1.26	 22	4-chlorophenol	 4.9	 1.19	±	0.03	 1.38	 160	












































































































































Table	14	PHC determinations for FF and MPH sites measured using GC × GC and 
one-dimensional GC calibration. An asterisk (*) indicates a determination that was 
extrapolated rather than interpolated for the GC ×  GC calibration. 	
Sample	ID	 PHC	Concentration	by	GC	×	GC	(mg	kg-1)	
PHC	Concentration	by	one-dimensional	GC	(mg	kg-1)	FF87695	 <	11.0	(LOD)	 <	64	(LOD)	FF87696	 138.5	 ±	 0.2	 109	 ±	 2	FF87697	 1641.2	 ±	 0.2	 1400	 ±	 20	FF87698*	 6165.2	 ±	 0.8	 5230	 ±	 73	FF87699*	 8355.5	 ±	 0.9	 4690	 ±	 65	FF87700*	 8334.3	 ±	 0.8	 6040	 ±	 84	FF87701*	 4325.2	 ±	 0.5	 4040	 ±	 56	FF87702*	 3237.9	 ±	 0.7	 4740	 ±	 66	FF87703	 2156.3	 ±	 0.3	 1160	 ±	 16	FF87704	 451.1	 ±	 0.2	 300	 ±	 4	FF87705	 59.7	 ±	 0.2	 <	64	(LOD)	FF87706	 1112.8	 ±	 0.2	 990	 ±	 14	FF87707	 1413.7	 ±	 0.2	 1080	 ±	 15	FF87708*	 3162.3	 ±	 0.6	 3500	 ±	 48	FF87709*	 4898.5	 ±	 0.7	 4320	 ±	 59	FF87710*	 12045.9	 ±	 1.1	 13100	 ±	 180	FF87711	 1998.5	 ±	 0.2	 3010	 ±	 42	FF87712	 1594.9	 ±	 0.4	 2150	 ±	 30	FF87713*	 5217.7	 ±	 0.3	 3960	 ±	 55	FF87714	 360.5	 ±	 0.8	 380	 ±	 5	FF87715	 <	11	 <	64	MPH88237	 371.5	 ±	 0.2	 349	 ±	 5	MPH88238	 602.8	 ±	 0.2	 490	 ±	 7	MPH88239	 976.0	 ±	 0.2	 1070	 ±	 15	MPH88240	 574.6	 ±	 0.2	 473	 ±	 7	MPH88241	 <	11	 <	64	MPH88242	 18.9	 ±	 0.2	 <	64	MPH88243	 58.4	 ±	 0.2	 <	64	
	 244	



















































































































































































































































































Compound	 Retention	time	 Peak	width	(ms)	 2D	peak	symmetry	
n-octane	 1.43	 160	 2.89	
n-nonane	 1.9	 150	 3.03	
n-decane	 2.32	 150	 2.87	
n-undecane	 2.69	 140	 4.01	
n-dodecane	 3.1	 140	 3.1	
n-tridecane	 3.48	 150	 2.05	
n-tetradecane	 3.8	 140	 4.07	
n-pentadecane	 4.12	 180	 2.57	
n-hexadecane	 4.45	 140	 4.73	
n-heptadecane	 4.77	 170	 4.06	
n-octadecane	 5.05	 200	 3.37	
n-nonadecane	 5.37	 220	 2.68	



























DB5-MS,	25	m	×	250	µm	ID	×	0.25	µm	df	 MXT-5,	3	m	×	180	µm	ID	×	0.18	µm	df	 Difference	in	elution	temperatures	(°C)	tR	(min)	 Elution	temperature	(°C)	 tR	(min)	
Elution	temperature	(°C)	
n-octane	 6.05	 65.3	 1.43	 65.1	 0.1	
n-nonane	 8.75	 78.8	 1.9	 70.8	 8.0	
n-decane	 11.80	 94.0	 2.32	 75.8	 18.2	
n-undecane	 14.85	 109.3	 2.69	 80.2	 29.0	
n-dodecane	 17.80	 124.0	 3.1	 85.2	 38.8	
n-tridecane	 20.60	 138.0	 3.48	 89.7	 48.2	
n-tetradecane	 23.30	 151.5	 3.8	 93.6	 57.9	
n-pentadecane	 25.80	 164.0	 4.12	 97.4	 66.6	
n-hexadecane	 28.25	 176.3	 4.45	 101.4	 74.9	
n-heptadecane	 30.55	 187.8	 4.77	 105.2	 82.5	
n-octadecane	 32.75	 198.8	 5.05	 108.6	 90.2	
n-nonadecane	 34.85	 209.3	 5.37	 112.4	 96.8	















Compound	 1D	tR	(min)	 2D	tR	(s)	 2D	peak	width	(ms)	 2D	Peak	Symmetry	 Elution	temperature	(°	C)	benzene	 0.68	 0.28	 150	 3.73	 40.0	toluene	 1.00	 1.92	 160	 3.20	 40.0	
n-octane	 1.18	 1.76	 150	 4.41	 45.3	1-hexenol	 1.58	 0.78	 170	 3.22	 57.3	
o-xylene	 1.60	 2.05	 170	 2.80	 58.0	
n-decane	 2.25	 1.78	 170	 4.20	 77.5	1-octanol	 2.65	 0.75	 190	 2.35	 89.5	naphthalene	 3.18	 0.81	 180	 2.07	 105.3	1-decanol	 3.68	 0.68	 190	 3.20	 120.3	
n-tetradecane	 4.30	 0.24	 170	 4.26	 139.0	acenaphthene	 4.60	 0.82	 190	 3.17	 148.0	fluorene	 5.05	 0.84	 180	 3.11	 161.5	















m	× 	180	μm	× 	1	μm	connected	to	a	piece	of	DFS	0.7	m	× 	100	µm	ID;	Sample	loop	








Compound	 1tR	(min)	 2tR	(s)	 2D	peak	width	(ms)	 2D	symmetry	
n-octane	 3.63	 0.76	 70	 1.53	1-hexanol	 4.73	 1.15	 75	 0.93	4-ethyltoluene	 6.18	 0.93	 65	 1.26	(+)-β-pinene	 6.53	 0.84	 70	 1.78	
n-decane	 6.98	 0.74	 60	 1.56	1-octanol	 8.00	 1.06	 80	 1.21	1-bromooctane	 9.03	 0.91	 60	 1.46	naphthalene	 9.58	 1.11	 80	 1.16	





















































































Compound	 1D	tR	(min)	 2D	tR	(sec)	 2D	Peak	width	(ms)	 2D	Symmetry	benzene	 not	separated	from	solvent	toluene	 2.50	 0.79	 140	 2.7	
n-octane	 2.79	 0.54	 130	 3.5	1-hexenol	 3.21	 1.40	 180	 3.7	
o-xylene	 3.42	 0.86	 140	 5.8	
n-decane	 4.38	 0.60	 180	 3.1	1-octanol	 4.79	 1.41	 220	 2.5	naphthalene	 5.67	 1.81	 250	 1.5	1-decanol	 6.29	 1.48	 290	 2.8	
n-tetradecane	 7.71	 2.53	 230	 2.6	acenaphthene	 7.29	 0.59	 140	 4.8	fluorene	 8.42	 0.97	 960	 1.6	


















Compound	 1D	tR	(min)	 2D	tR	(s)	 Peak	width	(ms)	 Peak	Symmetry	benzene	 1.54	 0.44	 170	 6.6	toluene	 2.29	 3.24	 240	 2.6	
n-octane	 2.71	 2.91	 170	 7.5	1-hexenol	 3.33	 0.82	 240	 4.2	
o-xylene	 3.54	 0.95	 190	 2.6	
n-decane	 4.79	 2.94	 190	 8.0	1-octanol	 5.46	 0.91	 200	 5.0	naphthalene	 6.46	 1.58	 230	 2.1	1-decanol	 7.46	 0.94	 210	 4.3	
n-tetradecane	 8.83	 0.60	 190	 3.2	acenaphthene	 9.25	 1.86	 260	 2.1	fluorene	 10.13	 1.91	 270	 4.9	




























µm	ID	× 	0.25	µm	df,	2D	column	BPX35	2.5	m	× 	250	µm	ID	× 	0.25	µm	df.	Carrier	gas,	
hydrogen;	flow	rates	1D	0.5	mL	min-1,	2D	22	mL	min-1.	1D	and	2D	temperature	
programmed	from	40	°C	(60	s),	then	ramped	at	18	°C	min-1	to	300	°C	(60	s).	RFF	
modulation,	Pm	3.0	s,	Pi	200	ms.	
A	sample	of	tea	tree	oil	distillate	was	also	injected	into	the	system	using	the	same	conditions	as	Figure	104,	to	determine	whether	a	sample	comprised	of	more	polar,	VOC	and	terpenoid	compounds	could	be	characterised	effectively	using	the	Calidus™	GC	×	GC	instrument	(Figure	105).	The	utilisation	of	the	two-dimensional	space	for	the	tea	tree	oil	sample	was	not	optimal,	with	there	being	evidence	for	retention	mechanism	correlation	between	the	1D	and	2D	columns,	as	shown	by	the	two	diagonal	series	of	compounds	in	the	two-dimensional	chromatogram	(Figure	105).	A	different	combination	of	columns	would	be	required	to	better	separate	this	essential	oil,	however	further	work	on	developing	an	ideal	column	set	for	this	analysis	was	not	performed	at	this	time.	
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6.4	Conclusions	Pulsed-flow	comprehensive	GC	×	GC	was	incorporated	into	the	Calidus™	GC	using	two	different	PMD	configurations	(FFF-GC	×	GC	and	RFF-GC	×	GC).	Pulsed	flow	GC	×	GC	required	minimal	additional	hardware	in	the	form	of	a	PMD	modulator,	a	three-way	solenoid	valve,	an	electronic	pressure	controller	and	a	small	microcontroller	for	valve	actuation	and	control.	These	items	were	compact	and	easily	incorporated	into	the	Calidus™	GC	instrument,	while	maintaining	a	robust,	transportable	system.	This	was	in	contrast	to	the	single-stage	thermal	modulator	explored	in	Chapter	5,	which	required	an	additional	capacitive	discharge	power	supply	(5.6	kg)	that	needed	to	be	transported	along	with	the	Calidus™	instrument.	This	makes	pulsed	flow	GC	×	GC	a	more	attractive	option	for	portable	analysis	in	future	work.	
Out	of	the	two	pulsed	flow	GC	×	GC	configurations,	FFF	GC	×	GC	modulation	appears	to	be	more	attractive	as	an	option,	since	its	performance	was	just	as	good	as	the	RFF	GC	
×	GC	system	while	the	additional	bleed	line	was	eliminated,	thus	preventing	effluent	from	being	eluted	from	the	system	without	being	injected	to	the	second-dimension	column.	Both	RFF	and	FFF-GC	×	GC	(Chapter	6)	delivered	similar	2D	peak	width	performance	to	each	other	(~150	ms	at	half	height),	and	both	outperformed	the	single-stage	thermal	(Chapter	5)	modulator	when	installed	within	the	Calidus™	GC	instrument.	Unfortunately	neither	the	FFF-	nor	RFF-PMD	modulators	performed	as	well	as	expected.	Typical	pulsed	flow	modulators	deliver	post-separation	peak	widths	between	50	and	70	ms	at	half	height,	however	installation	of	these	devices	in	the	Calidus™	GC	increased	the	peak	widths	to	between	150	and	220	ms	depending	on	the	exact	configuration.				
Optimisation	of	the	columns,	PMDs,	temperatures,	flow	rates	and	capillary	connectivity	was	unsuccessful	at	isolating	the	source	of	the	wide	peak	widths	generated	by	the	Calidus™	GC.	Construction	of	a	pulsed	flow	GC	×	GC	instrument	using	a	conventional	bench	top	instrument	(Agilent	6850)	with	matching	column	dimensions,	
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phases	and	flow	rates	verified	that	peak	widths	of	50	to	70	ms	at	half	height	should	be	achievable	using	short	columns	in	the	first-	and	second-dimension.	Unfortunately	the	performance	of	the	6850	GC	could	not	emulated	using	the	Calidus™	GC.	Presently,	the	central	oven	cavity	and	connectivity	between	the	components	of	the	Calidus™	GC	appears	to	be	responsible	for	the	poor	2D	peak	widths	and	peak	symmetry.	
A	method	for	preparing	custom	column	modules	using	the	resistively	heated	column	modules	provided	with	the	Calidus™	instrument	was	developed.	Standard	polyimide-clad	fused	silica	capillary	columns	were	cut	and	co-linearly	wound	into	a	toroid	shape	with	the	SS	capillary	included	with	the	Calidus™	column	module.	The	toroid	was	then	insulated	using	aluminium	foil,	which	allowed	both	the	SS	capillary	and	the	polyimide-clad	fused	silica	capillary	to	be	heated	simultaneously.	This	procedure	allowed	any	desired	column	to	be	incorporated	into	the	Calidus™	GC	and	the	process	for	preparing	a	custom	column	was	relatively	straightforward,	requiring	less	than	30	min	to	complete.	The	use	of	a	longer	first-dimension	column	substantially	improved	the	separation	that	could	be	obtained	using	the	Calidus™	GC,	while	the	option	of	different	second-dimension	columns	allowed	tuning	of	the	second-dimension	selectivity	to	maximise	the	separation	performance	of	a	GC	×	GC	method.	
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Chapter	7:	Conclusions	
Gas	chromatography	(GC)	is	one	of	the	most	useful	techniques	for	the	analysis	of	volatile	and	semi-volatile	compounds	due	to	its	excellent	separation	capabilities	for	a	wide	variety	of	samples.	Unfortunately	the	complexity	of	many	samples	is	so	great	that	the	total	separation	with	a	single	GC	column	in	a	timely	fashion	is	unfeasible.	A	promising	means	for	increasing	the	resolving	power	of	many	GC	systems	is	to	utilise	MD	separations	to	enhance	their	resolving	power.	MDGC	is	commonly	achieved	in	either	the	heart-cut	MDGC	or	comprehensive	GC	×	GC	analysis	modes	and	each	of	these	separation	techniques	allow	an	analyst	to	leverage	the	selectivity	of	two	columns	to	enhance	the	amount	of	separation	a	GC	instrument	provides.		
In	this	thesis	MDGC	and	GC	×	GC	was	investigated	as	a	means	of	enhancing	the	separation	capabilities	of	a	portable	resistively	heated	GC	instrument.	The	Calidus™	GC	instrument	was	selected	as	a	portable	GC	platform	due	to	its	small	size	(11.4	kg,	with	the	dimensions	43	×	22	×	28	cm),	and	rugged	construction.	The	resistively	heated	column	modules	were	designed	so	that	it	was	easy	to	swap	column	modules	into	the	GC	to	meet	a	range	of	different	analytical	challenges.	The	instrument	uses	a	low	amount	of	power,	while	retaining	fast	temperature	programming	capabilities.	A	central	temperature	controlled	compartment	was	included	in	the	instrument	to	provides	the	opportunity	to	install	a	range	of	PMDs	and	other	devices	for	the	purposes	of	achieving	MDGC	and	GC	×	GC	analysis,	as	well	as	providing	connectivity	between	instrument	components.	
Since	portable	GC	instruments	often	operate	under	fast	analysis	conditions	it	was	important	to	ensure	that	the	injection	procedure	was	adequately	optimised,	since	the	initial	injection	bandwidth	has	a	dramatic	effect	on	the	separation	capabilities	of	a	fast	GC	system.	Two	different	approaches	were	explored	for	reducing	the	initial	injection	bandwidths	provided	by	the	Calidus™	GC	S/SL	injector.	In	Chapter	2	a	Deans’	switch	
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PMD	was	installed	between	the	Calidus™	S/SL	injector	and	a	separation	column.	This	PMD	was	used	for	controlling	the	injection	bandwidths	introduced	to	a	short	separation	column	from	the	S/SL	injector	after	the	vaporisation	of	a	sample.	This	method	of	injection	bandwidth	control	was	limited	by	the	relatively	slow	switching	speed	of	the	solenoid	valve	and	the	large	mass	of	compressible	gas	between	the	solenoid	valve	and	the	Deans’	switch	PMD.	The	narrowest	injection	bandwidth	that	could	be	delivered	using	this	heart	cutting	configuration	was	215	ms,	while	using	S/SL	injection	at	split	ratio	of	200:1	it	was	capable	of	providing	injection	bandwidths	of	115	ms	wide,	without	introducing	any	additional	hardware.		
While	100	ms	switching	times	were	not	compatible	with	reducing	the	injection	bandwidths	being	introduced	to	a	GC	column,	this	speed	has	previously	been	demonstrated	to	be	more	than	fast	enough	to	facilitate	pneumatically	controlled	heart-cutting	of	peaks	for	MDGC	applications.	For	this	reason	Deans’	switching	with	PMDs	was	revisited	in	Chapter	4,	where	it	was	utilised	for	heart-cut	MDGC	analysis	of	trace	levels	of	C6	to	C8	aromatic	compounds	in	Isoparaffins	and	styrene	monomer.	Two	separations	were	developed	that	took	advantage	of	a	polar	polyethylene	glycol	(VF-WAXms)	column	and	highly	polar	ionic	sorbent	(CP-LOWOX)	column	for	resolving	aromatic	compounds	from	interfering	hydrocarbon	species.	The	method	developed	has	a	low	likelihood	of	false	positive	determinations	since	the	additional	separation	column	is	able	to	resolve	the	target	compounds	of	interest	from	interfering	compounds.	Low	LODs	of	0.8	and	2.7	mg	kg-1	and	LOQs	between	2.4	and	9.4	mg	kg-1	were	obtained	for	each	analyte	of	interest,	while	using	low	cost	GC	instrumentation.	Low	cost	flame	ionisation	detection	was	found	to	provide	sufficient	sensitivity	for	this	analysis	after	the	interfering	compounds	were	chromatographically	resolved	using	the	MDGC	setup.	This	method	served	to	alleviate	the	need	for	expensive	mass	spectrometry	detection	that	is	otherwise	used	to	provide	selective	detection	of	aromatic	species.		
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An	alternative	injection	bandwidth	minimisation	strategy	utilising	a	novel	SS	capillary	trap	was	investigated	in	Chapter	3.	The	stationary	phase	of	a	polydimethylsiloxane	(PDMS)	coated	SS	capillary	was	chemically	modified	using	a	thermal-oxidative	procedure	that	yielded	a	thermally	stable	stationary	phase	with	substantial	chemical	and	morphological	differences	compared	to	conventional	PDMS	stationary	phase	coatings.	While	the	SS	trap	did	not	have	sufficient	retention	for	focusing	volatile	compounds	for	periods	long	enough	to	complete	a	GC	injection	(Chapter	3),	the	trap	was	found	to	be	very	promising	when	used	as	a	single-stage	GC	×	GC	modulator	(Chapter	5).	The	peak	widths	delivered	by	this	resistively	heated	single-stage	thermal	modulator	were	as	narrow	as	65	ms,	which	is	equal	to	or	better	than	the	performance	provided	by	many	commercial	GC	×	GC	instruments.	Furthermore	this	modulator	only	requires	electricity	for	its	operations	and	is	relatively	compact,	while	commercial	GC	×	GC	instruments	are	very	large	and	require	liquid	cryogen	or	refrigeration	units	to	provide	solute	focusing	for	modulation.	This	GC	×	GC	modulator	was	applied	to	the	characterisation	of	petroleum	spill	samples	obtained	from	Macquarie	Island	for	the	purpose	of	mapping	the	extent	of	petroleum	contamination	of	soils,	and	was	found	to	be	effective	for	the	quantitation	and	qualitative	evaluation	of	such	samples.	Trace	level	quantitation	of	PHC	with	a	method	LOD	of	11	mg	kg-1	of	soil	and	LOQ	of	36	mg	kg-1	of	soil.	
The	single-stage	thermal	modulator	was	incorporated	into	the	Calidus™	GC	system	and	was	successful	in	enabling	GC	×	GC	analysis,	although	the	performance	of	the	modulator	was	diminished	by	the	installation	of	this	device	within	the	Calidus™	GC	(Chapter	5).	The	selection	of	2D	columns	(1	to	3	m	long)	available	was	not	ideal	for	the	thermal	modulator,	due	to	the	large	dead	volumes	of	these	columns,	which	causes	excessive	peak	broadening	and	solute	wraparound	in	the	during	the	second-dimension	separation.		As	an	alternative	to	thermal	modulation,	pulsed	flow	GC	×	GC	modulation	was	explored	as	a	means	to	achieve	comprehensive	GC	×	GC	in	the	Calidus™	GC	(Chapter	
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6).	This	method	delivered	a	similar	performance	to	the	single-stage	thermal	modulator,	and	the	limited	selection	of	2D	columns	was	again	problematic.	To	overcome	the	column	limitations	of	the	Calidus™	a	method	of	preparing	in-house	resistively	heated	columns	was	devised	to	increase	the	separation	capabilities	of	the	instrument,	and	acceptable	GC	
×	GC	performance	was	obtained.		
In	general	the	GC	×	GC	and	1D	separation	performance	of	the	Calidus™	GC	was	worse	than	the	performance	delivered	by	commercial	bench	top	GC	instruments.	The	connectivity	between	the	various	instrument	components	including	the	S/SL	inlet,	columns,	detectors	and	other	devices	placed	in	the	flow	path	limited	the	GC	×	GC	and	1D-GC	performance	of	the	Calidus™	instrument.	2D	peak	widths	obtained	while	using	the	Calidus™	GC	were	routinely	100	to	150	ms	wider	(at	half	peak	height)	than	2D	peaks	obtained	using	the	Agilent	6850	GC	with	similar	columns	and	conditions.	Furthermore	all	of	the	peaks	detected	using	the	Calidus™	GC	displayed	tailing	symmetry,	which	further	diminished	the	two-dimensional	performance	of	all	separations.	Despite	a	systematic	evaluation	and	optimisation	of	various	instrument	components	to	minimise	band	broadening	and	peak	tailing,	the	performance	of	the	system	was	unable	to	match	bench	top	GC	instruments.	
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Future	work	
The	Calidus™	GC	instrument	was	not	an	ideal	instrument	for	portable	two-dimensional	GC	×	GC	or	MDGC	analysis	in	its	current	state.	The	large	amounts	of	peak	tailing	and	peak	broadening	that	are	evident	indicate	that	significant	re-engineering	of	the	instrument	connectivity	is	required	before	it	can	provide	optimal	performance.	Selection	of	a	more	suitable	portable	GC	platform	for	portable	analysis	would	be	ideal.	Alternatively	an	in-house	resistively	heated	GC	×	GC	instrument	column	could	be	constructed	using	the	excellent	selection	of	flow	controller	hardware	and	low	cost	microcontrollers	that	are	available.		
Diaphragm	valves	present	an	interesting	opportunity	for	controlling	the	injection	bandwidths	of	GC	systems	to	facilitate	fast	GC.	Diaphragm	valves	have	been	demonstrated	in	the	past	to	be	very	effective	at	providing	rapid	actuation	speeds	(<	10	ms),	however	their	temperature	stability	is	limited	by	the	diaphragm	materials	used	in	their	construction.	The	development	of	a	PMD	with	an	internal	diaphragm	valve	that	is	robust	and	highly	temperature	stable	across	the	GC	temperature	range	would	be	very	useful	compared	to	the	current	thermally	limited	diaphragm	valves.	Such	a	valve	would	potentially	be	very	useful	in	injection	bandwidth	minimisation,	heart	cutting	and	GC	×	GC.	
The	next	step	in	developing	the	capabilities	of	the	single-stage	thermal	modulator	is	to	increase	its	solute	loading	capabilities	for	highly	volatile	solutes.	Currently	the	trap	is	only	able	to	modulate	solutes	less	volatile	than	n-octane,	which	is	problematic	for	many	analyses.	Increasing	the	length	and	thickness	of	the	stationary	phase	coating	should	be	investigated	to	increase	the	solute	loading	capabilities	of	the	trap.	Additionally,	a	more	effective	means	of	cooling	the	SS	trap	using	multiple	Peltier	elements	and	improved	heat	conduits	could	improve	the	retention	capabilities	of	the	trap,	while	still	retaining	the	
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cryogen	free	and	portable	nature	of	the	modulator.	Investigation	of	the	system	in	the	dual-stage	modulation	configuration	could	also	assist	with	reducing	the	incidence	of	solute	breakthrough	following	a	heating	event.	Finally	the	capacitive	discharge	power	supply	should	be	optimised	to	program	the	discharge	voltage	based	on	the	temperature	of	the	convection	oven	in	which	it	is	installed.	In	this	way	the	peak	temperatures	of	the	trap	can	be	reduced	to	maximise	the	lifespan	of	the	trap	stationary	phase	and	SS	capillary.	
Following	these	modifications	the	GC	×	GC	performance	of	the	Calidus™	GC	must	be	evaluated	in	a	field	application,	to	determine	the	robustness	of	the	system.	Presently	all	analysis	was	performed	in	a	temperature	controlled	analytical	laboratory,	this	environment	does	not	reflect	standard	operating	conditions	for	portable	analysis	systems.	Further	optimisation	of	the	fast	GC	and	GC	×	GC	capabilities	of	the	Calidus™	GC	are	required,	to	ensure	that	the	analytical	cycles	of	the	portable	instrument	are	more	compatible	with	field	based	analysis	(1	to	10	minutes).	
	
	
	
